Histone proteins are essential for the packaging of DNA into chromosomes. Histone gene expression is cell-cycle-regulated and coupled to DNA replication. Control of histone gene expression occurs at the transcriptional and post-transcriptional level and ensures that a fine balance between histone abundance and DNA replication is maintained for the correct packaging of newly replicated DNA into chromosomes. In the present paper, we review histone gene expression, highlighting the control mechanisms and key molecules involved in this process.
of chromosomes during mitosis [6, 7] . Histone levels must therefore be tightly controlled and this is achieved by the coupling of histone synthesis to DNA replication.
In this review, we summarize how this coupling is accomplished and highlight the control mechanisms involved. Figure 1 illustrates the key steps in post-transcriptional control of histone gene expression and introduces some of the molecules involved. Figure 2 summarizes the control mechanisms of histone gene expression and key molecules involved at each step. Unfortunately, the framework of this review does not allow for a detailed review and we apologize for any omissions.
Transcription
Upon entry into S-phase, histone gene transcription is induced approximately 5-fold [8] . This induction is cellcycle-regulated and involves cis-and trans-acting elements including subtype-specific consensus elements in histone gene promoters and the transcription regulator NPAT (nuclear protein, ataxia-telangiectasia locus) [9] . NPAT interacts with the pro-apoptotic protein FLASH [FADD (Fas-associated death domain)-like IL-1β (interleukin 1β)-converting enzyme associated huge protein], which has interestingly been implicated in both histone gene transcription and histone RNA processing [10, 11] . This indicates that histone RNA synthesis and processing may be coupled, as is the case for other genes transcribed by RNA polymerase II. Control of histone gene expression at the level of transcription is complex and will not be discussed in detail, with the focus here instead on post-transcriptional control (transcriptional control of human H4 genes is best studied and is reviewed in [12] ).
Histone RNA processing
Histone mRNAs are capped by a 7-methylguanosine structure at their 5 -end, similar to polyadenylated mRNAs. Unlike polyadenylated mRNAs, however, histone gene transcripts lack a poly(A) tail, and instead undergo nuclear which binds to the conserved hairpin structure in histone pre-mRNA, and the U7snRNP, which binds to a sequence element downstream of the cleavage site. Together with other factors they position the nuclease CPSF73 for cleavage to produce histone mRNA ending immediately after the hairpin (see Figure 2 for a more comprehensive list of factors). After nuclear export, HBP interacts with SLIP1 and other translation initiation factors to form a closed-loop structure for efficient translation. This structure is disrupted, presumably when histone mRNA decay is initiated, for example at the end of S-phase. Addition of an oligo(U) tail by the terminal uridylyl transferase ZCCHC11 is an early step in decay, which involves decapping followed by 5 →3 degradation by Xrn1 or 3 →5 decay by the exosome.
3 -end processing during S-phase to produce mature mRNAs from pre-mRNAs via a single endonucleolytic cleavage event (Figure 1 ). Cleavage occurs immediately 3 of the RNA hairpin structure and produces an mRNA ending just after the hairpin and a downstream RNA fragment that is subsequently degraded. Cleavage requires HBP [hairpin-binding protein; also known as SLBP (stem-loopbinding protein)] and the U7snRNP (U7 small nuclear ribonucleoprotein) particle. HBP is an essential protein that binds with high affinity and sequence specificity to the histone RNA hairpin structure [13] [14] [15] [16] [17] . The U7snRNP is composed of the U7snRNA, Sm proteins and the U7-specific proteins Lsm10 (Sm-like protein 10) and Lsm11 [18, 19] . The U7snRNA base-pairs to the HDE (histone downstream element), located just downstream of the cleavage site, via its 5 -end [20, 21] . It is thought that these histone-specific factors act together to position the nuclease CPSF73 (cleavage and polyadenylation specificity factor 73) at the cleavage site [22, 23] . CPSF73 together with four other subunits forms the CPSF first found to be involved in polyadenylation. CPSF, the CstF (cleavage stimulatory factor) subunits CstF-64 and CstF-77, and the scaffold protein symplekin together comprise the heat-labile factor required for histone RNA processing first identified more than 20 years ago [24, 25] . The U7snRNP is also involved in the degradation of the downstream cleavage product formed during the processing reaction [26] . This degradation may allow recycling of the U7snRNP for subsequent cleavage reactions.
Several additional factors have been identified which also seem to have a role in histone mRNA processing ( Figure 2 ). CF1m68 (mammalian cleavage factor I 68-kDa subunit) was identified in an enriched U7snRNP preparation. It interacts with the U7snRNP protein Lsm11 and both depletion and overexpression of CF1m68 decreases histone processing efficiency [27] . A 100 kDa zinc finger protein ZFP100 was identified in a screen for proteins interacting with HBP [28] . ZFP100 also interacts with Lsm11 and overexpression stimulates 3 processing in vivo [29, 30] . As previously mentioned, FLASH functions in histone gene transcription and has also been found to have a role in histone RNA processing. FLASH stimulates 3 -end processing in mammalian nuclear extracts, presumably via interaction with Lsm11 as observed in Drosophila [11, 31] . FLASH also interacts with Ars2 (arsenite resistance protein 2), a component of the CBC (cap-binding complex) [32, 33] . Knockdown of Ars2 inhibits 3 -end formation after the hairpin and leads to end formation at downstream cryptic polyadenylation sites [33] . The transcription factor NELF (negative elongation factor) has been shown to interact with CBC and together they promote 3 -end processing, possibly via the direct interaction of CBC and HBP [34] . Together, these findings indicate that CBC plays an important role in histone RNA processing.
Accumulation of the tumour suppressor protein p53, for example following G 1 cell cycle arrest, has a negative effect on 3 processing, possibly due to reduced recruitment of NPAT, Cdk9 (cyclin-dependent kinase 9) and RNA PAF1 (polymerase II-associated factor 1), which have been implicated in normal histone 3 -end processing [35, 36] . Knockdown of parafibromin, a tumour suppressor protein associated with the PAF1 complex, compromises 3 -end processing and leads to the formation of polyadenylated histone mRNAs [37] . Interestingly, U2 or U12 snRNPs normally involved in pre-mRNA splicing have also been found to be involved in histone expression and stimulate histone mRNA 3 -end processing [38] .
Nuclear export and translation
Following processing, mature histone mRNAs are exported from the nucleus to the cytoplasm. The mechanism by which this is achieved is poorly understood, and the role of HBP in nuclear export of histone mRNAs in particular is the subject of debate. One study suggests that HBP is not required for nuclear export, with mutations in the histone hairpin structure which prevent HBP binding having no effect on histone mRNA export [39] . Instead, the mRNA export receptor TAP has been implicated in this process. Another recent report, however, suggests that HBP does act in histone mRNA nuclear export. RNAi (RNA interference)-mediated knockdown of HBP to less than 5% of normal protein levels resulted in nuclear retention of histone mRNA in both HeLa and U2OS cell lines, and tethering of HBP to an RNA normally retained in the nucleus was found to promote its nuclear export [40] .
Once exported to the cytoplasm, mature histone mRNAs undergo translation in an HBP-dependent manner [41, 42] . HBP binding to the hairpin element stimulates cap-dependent translation initiation of histone mRNAs via the interaction of HBP with translation initiation factors. HBP binds directly to the eukaryotic translation initiation factor eIF (eukaryotic initiation factor) 3 and to PAIP1 {PABP [poly(A)-binding protein]-interacting protein 1}, which shows sequence similarity to eIF4G and is thought to have a similar role in translation initiation [42, 43] . HBP is also bound by SLIP1 (SLBP-interacting protein 1), a factor that has been shown to be involved in translation of mRNAs ending in a histone hairpin structure [44] . SLIP1 can interact with eIF4G [44] , which also binds eIF4E, a factor bound to the mRNA 5 cap structure. It has been proposed that the interaction of HBP with eIF4E through SLIP1 and eIF4G facilitates the formation of a closed-loop structure, bringing the 5 and 3 ends of histone mRNAs together, in a manner similar to that observed in the translation of polyadenylated mRNAs where PABP directly interacts with eIF4G [45] . Interestingly, Histone H4 mRNA has also been shown to have an unusual cap-assisted internal translation initiation mechanism, which is dependent on two structural elements contained within the ORF (open reading frame) [46] . These elements serve to recruit eIF4E and promote binding and positioning of ribosomes on the AUG initiation codon in a non-canonical fashion.
It is also interesting to note that alternative splicing of HBP mRNA produces transcripts lacking a domain implicated in histone mRNA translation which show reduced activity in translation assays [41, 42] . It is therefore possible that HBP activity may be modulated by alternative splicing.
Histone mRNA decay
At the end of S-phase, histone mRNAs are rapidly degraded following completion of DNA replication [47] . The control mechanism by which this switch from translation to decay of histone mRNA is achieved is unclear, but the discovery of a checkpoint linking DNA replication and histone mRNA stability may provide mechanistic insights into this process.
Drug-induced inhibition of DNA replication activates an S-phase checkpoint that results in rapid degradation of histone mRNAs. This checkpoint involves at least two distinct signalling pathways regulating histone mRNA stability; one acting via ATR (ataxia telangiectasia mutatedand Rad3-related) and the other acting via DNA-PK (DNAactivated protein kinase), both members of the PIKK (phosphoinositide 3-kinase-related kinase) family [48, 49] . ATR is activated by stalled replication forks and DNA-PK is activated by double strand breaks resulting from replication fork stalling or treatment with DNA replication inhibitors such as camptothecin [48, 50] . Inhibition of ATR and DNA-PK activity uncouples DNA replication and histone mRNA stability, resulting in a delay in histone mRNA decay following replication stress [48, 49] . The exact mechanism by which these kinases act to control histone mRNA stability remains unclear, but it has been suggested that the NMD (nonsense-mediated decay) factor UPF1 (upframeshift protein 1), also known as RENT1 (regulator of nonsense transcripts 1), may be a downstream effector of these pathways.
UPF1 is an RNA helicase involved in NMD, the process by which mRNAs containing a PTC (premature translation termination codon) are degraded. Following recruitment to PTC-containing transcripts, UPF1 becomes hyperphosphorylated [51] . This form of UPF1 preferentially binds to eIF3, the cap-binding complex, and to components of the mRNA decay machinery (including Dcp1a and Xrn1), triggering translational repression and degradation of these aberrant transcripts [52] . UPF1 has been reported to be required for efficient histone mRNA decay [49] and is phosphorylated at typical PIKK family sites when cells are subjected to replication stress by treatment with hydroxyurea [48] . These sites are potential targets of ATR and DNA-PK and it may be that phosphorylation of UPF1 by these kinases, followed by recruitment to histone mRNA, triggers the molecular switch between translation and degradation of histone mRNA. HBP has been implicated in recruiting UPF1 to histone mRNA [49] , and knockdown of HBP impairs histone mRNA decay induced by DNA replication block [40] . HBP may therefore also play an important role in histone mRNA decay.
An early stage of histone mRNA degradation involves the addition of an oligo(U) tail to the 3 -end of histone mRNAs by TUTases (3 -terminal uridylyl transferases). TUTase1/PAPD [poly(A) polymerase associated domain containing] 1 and TUTase3/PAPD5 were initially proposed as candidate enzymes involved in this oligouridylation process [53] ; however, a recent study suggests that the TUTase ZCCHC11 (zinc finger, CCHC domain-containing 11) is instead responsible [54] . A complex of Lsm proteins 1-7 is then thought to bind to this oligo(U) tail and to the decapping enzyme Dcp1/2, stimulating removal of the 7-methylguanosine cap at the mRNA 5 -end. These events then allow degradation of the mRNA 5 →3 by the exonuclease Xrn1 and 3 →5 by the exosome complex [53] .
Mechanisms controlling histone gene expression during the cell cycle
As discussed above, the expression of histones is limited to Sphase during which DNA replication occurs. This temporal control of expression is essential, and is achieved by cell cycle regulation of factors important for histone expression including NPAT and HBP.
The histone-specific transcription regulator NPAT is required for cell cycle progression and is recruited to histone promoters, stimulating transcription [55] . NPAT activity is controlled by the cyclin E-Cdk2 complex, a key regulator of S-phase entry, limiting NPAT activity to S-phase [56] . HBP is required for post-transcriptional processing of histone transcripts and for the subsequent translation of mature histone mRNAs. HBP accumulates in late G 1 -phase and is rapidly degraded by the proteasome at the end of Sphase, following phosphorylation by first the cyclin A-Cdk1 complex then protein kinase CK2 [57, 58] . This limits HBPdependent steps, such as histone RNA processing and translation, to S-phase. Expression of a stabilized form of HBP does not interfere with the normal degradation of histone mRNA at the end of S-phase, indicating that HBP protein degradation is not required for the decay of histone mRNA [59] . Instead, HBP may participate directly in histone mRNA decay as described above for replication block-induced decay of histone mRNA. Histone mRNA decay, combined with down-regulation of transcription, results in the termination of histone protein synthesis at the end of S-phase.
In addition to this normal cell cycle control, checkpoint activation plays a key role in regulating histone levels when DNA replication is inhibited and S-phase is perturbed. This has largely been discussed in the decay section of the present review; however, it is interesting to note that drugs that inhibit DNA replication have also been found to inhibit histone gene transcription and that the reasons for this are currently not understood [60] [61] [62] .
Conclusions
Histone gene expression is an essential process that demonstrates a high degree of control at multiple levels. In recent years, significant progress has been made in identifying and characterizing factors and mechanisms involved in this control. Less well understood, however, is how these control mechanisms orchestrate the co-ordinate expression of these five multi-copy gene families, ensuring the correct provision of histone proteins for the packaging of replicated DNA into chromatin.
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